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Abstract. A transect offPoim Sur, California (36ø20'N), was occupied bimonthly from 
April 1988 to May 1990 to resolve spatial and temporal patterns in the physics and 
chemistry of the California Current system. Alongshore velocity fields and the chemical 
parameter N* [Gruber and Sarmiento, 1997] show coherence. Subarctic waters, conveyed 
by the California Current (CC), were characterized by high N* values, while in the region of 
poleward flow of the California Undercurrent (CU) a minimum ofN* (N*< -5 gmol kg '•) 
was observed. Low N* is a signature of denitrification, and its possible sources are 
considered. The distribution of N* on isopycnal surfaces, using data from the World Ocean 
Circulation Experiment Hydrographic Programme, suggests that northward advection from 
the eastern tropical North Pacific by the CU is the primary source of low N*. Local benthic 
and water column denitrification rates cannot account for the observed values. From nitrate 
deficits and velocity fields an annual nitrate transport deficit off Point Sur of 4.6 Tg N yr 4 
was estimated for the study period. Maximum offshore extent of the low N* signal was 
observed uring the upwelling period, probably associated with an expansion of the CU and 
mixing due to mesoscale ddies detached from it. This mixing propagates the denitrification 
signal into the CC and the subtropical gyre. When the loss from the poleward flow due to 
horizontal mixing is calculated, an export out of the eastern tropical North Pacific of 8.3 
Tg N yr '• by the CU is estimated. The bulk of the denitrified waters off Point Sur were 
below 400 m and did not affect primary production in the central California upwelling 
ecosystem. However, the export of nitrate-deficient waters into the subtropical gyre may 
play a role in the biogeochemical cycling of this region. 
1. Introduction 
The California Current system (CCS) has been studied 
extensively from dynamic and hydrographic perspectives 
[Wooster and Reid, 1963; Hickey, 1979; Chelton, 1984; Kosro 
and Huyer, 1986; Brink and Cowles, 1991; Kosro et al., 1991; 
Huyer et al., 1991, 1998; Largier et al., 1993; Collins et al., 
1996]. However, studies that focus on the chemical signatures 
of the water masses are relatively scarce and are mainly based 
on oxygen distributions [Reid et al., 1958; Blanton and 
Pattullo, 1970; Lynn and Simpson, 1987, 1990]. These studies 
show the California Current (CC) as a shallow equatorward 
flow (0-300 m) transporting low-salinity, high-oxygen Pacific 
Subarctic Water. Within 150 km of the coast the Inshore 
Countercurrent transports urface water northward during fall 
and winter, while deeper, the Califomia Undercurrent (CU) 
transports high-salinity and low-oxygen water from the 
eastern tropical North Pacific northward along the continental 
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slope. More recently, data collected by the World Ocean 
Circulation Experiment (WOCE) 1tydmgraphic Programme 
(WHP) have been used to describe the large-scale patterns 
[Roeromich et al., 1991; Talley et al., 1991; Wijffels et al., 
1996; Tsuch•va nd Talley, 1996]. These authors observed a
pronounced ecrease in nitrate concentration at middepth in 
the eastern boundary as far north as 47øN. They suggest 
denitrification isresponsible for this nitrate loss, though they 
do not discuss the origin of the denitrification, local or remote 
causes. 
At low oxygen (< 0.1 mL L-•), certain bacteria are capable 
of utilizing nitrate or nitrite as an alternate lectron acceptor 
in the respiratory process. This nitrate utilization or 
denitrification represents he largest sink for fixed nitrogen in 
the oceans [Codispoti and Christensen, 1985; Christensen et 
al., 1987; Devol and Christensen, 1993]. Half of the global 
denitrification occurs in the pelagic oxygen minimum zones 
(02< 0.05 mL L 4) [Christensen, 1994], though t ese regions 
represent only 0.1% of the total oceanic volume [Codispoti 
and Christensen, 1985]. The largest region of ocean with low 
oxygen and high denitrification rates is the eastern tropical 
North Pacific' (ETNP), with a volume of 1.4 106 km 3, 
supporting •3445% of global pelagic nitrogen denitrification 
[Cline and Richards, 1972; Codispoti and Richards, 1976; 
Hattori, 1983; Mantoura et al., 1993; Olson et al., 1993]. The 
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nitrate deficit observed at northern latitudes must be caused 
by (1) noahward transport of waters from the ETNP through 
the CU, (2) benthie denitrification and resuspension from the 
sediments, or (3) local water column denitrification. The 
oxygen minimum is observed quite far noah (-•50øN), 7 
although oxygen levels are not hought to be sufficiently low
•) 36.5- 
for local denitrification  take place, leaving the first wo 
processes a the primary candidates. Codispoti and Richards 
[1976] suggested that horizontal advection was the major ' 
mechanism for the removal of the products of denitrification 36.0- 
from the ETNP. On the other hand, Gruber and Sarmiento 
[1997] (hereinafter eferred to as GS97) suggested benthie 
denitrification as the main source for the low values of N* 
along the west coast of North America. 
The purpose of this paper is to examine the spatial and 60 
temporal distribution of the denitrification signal along the 
western coast of North America and analyze its possible 
causes. We first explain the derived quantity N* employed to 50. 
estimate the extent of denitrification following GS97 (section 
2.1) and describe the different data sets used (section 2.2). In 
section 3 we analyze the spatial and temporal variability of 40- 
N* (GS97). Average distributions of the hydrographic, 
chemical, and velocity data from a series of cruises off Point o,., 
Sur in central California (36ø20'N) allow us to establish the 
-o 30 
coupling between N* and the velocity and hydrographic fields 
(section 3.1). The larger-scale distribution f N* along the 
North American coast is then presented using data collected 20 
during the WOCE Hydrographic Programme in the Pacific 
(section 3.1). We also study the temporal variability of the N* 
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Table 1. Dates of the Cruises in this Study 
Cruise Dates 
Point Sur Cruises 
160 140 1•0 100 
Longitude (øW) (b) 
PS01 April 25- May 1, 1988 
PS02 Aug. 3 - 8, 1988 
PS03 Sept. 22 -27, 1988 
PS04 Nov. 14-19, 1988 
PS05 Feb. 3- 7, 1989 
PS06 March 25 - 30, 1989 
PS07 May 11 - 26, 1989 
PS08 July 28 - August 3, 1989 
PS09 Sept. 25- 30, 1989 
PS 10 Nov. 15 - 22, 1989 
PS11 Jan. 17- 23, 1990 
PS 12 March 19 - 25, 1990 
PS 13 May 17 - 23, 1990 
Figure 1. (a) Map showing the locations of the stations 
surveyed during the Point Sur cruises (see Table 1). Labeled 
stations correspond to the section off Point Sur (36ø20'N) 
shown in Plate 1. (b) Stations of the World Ocean Circulation 
Experiment (WOCE) sections and other additional stations 
used in this study (see Table 1). Dots represent WOCE 
stations, and triangles denote the stations from other cruises. 
from April 1988 to May 1990 (section 3.2). Finally, in section 
4 we discuss the possible causes for the N* pattern along the 
West Coast of North America. 
WOCE cruises 
P01 Aug. 5 - 25, 1985 
P03 March 30- April 25, 1985 
P04 April 2 - May 19, 1989 
P15 Sept. 6-Oct. 30, 1994 
P16N March 7 - April 8, 1991 
P16C Sept. 15 - 30, 1991 
P17C May 31 -July 1, 1991 
2. Material and Methods 
2.1. Estimate of Denitrifieation-Nitrogen Fixation 
Processes 
In order to estimate the nitrate deficit in the eastern North 
Pacific, we use a quasi-conservative parameter called N* 
(GS97). N* is a derived parameter in which all the nitrate 
P17N May15 - June 26,1993 variability due to remineralization of organic matter is 
Aprit13 25 1• 
Additional cruises denitrification - i•ogen f•ation priests • •e wa•r 
British Columbia May 10-14, 1990 •lu•. N* is deftmeal (GS97) • a l•ear comb•ation of
Baja California 1970- 1984 nitm• •O3) •d phosphate (PO4) • the fo• N* = •O3] - 
E•P Janua•- July 1977 . rni• '• [PO4] + const, where r,,t• •'• is the N:P smichiometfic 
ETNP is •stern •opi•l Noah Pacific. ratio dur•g aerobic oxidation of org•ic mmerial •d •n• is 
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Plate 1. Vertical distributions of (a) density anomaly (kg m-a), (b) salinity, (c) alongshore component of 
velocity (cm s 4, flow positive poleward), (d)silicate (Hmol kg4), (e) oxygen (mL L 4) and (f) N* (Hmol kg 4) 
off Point Sur. 
a constant to be determined. Employing N:P ratios of 16 for 
nitrification, -104 for denilrification, and 125 for nitrogen 
fixation, GS97 arrive at the following relationship: 
N* = (NO3-16 PO4 + 2.90)0.87 pmol-kg 4. (1) 
The constant 2.9 was set by GS97 so that the global 
average of N* was zero. While N* may be a good tracer for 
dentrification-nitrogen fixation processes on a global scale, it 
must be used with caution when local nitrate deficits need to 
be estimated. The calculation of nitrate deficit following 
Anderson [1982] is as follows: 
[NO,l•it=([NO,l_rm'mt,. pO4]_([NO,:•,,f _ rm'm,, (2) [PO4]pmf) ) l/(l + r•:l'm / r •: 
where [mO3]pref and [PO4]pref ar• the preformed nutrients 
[Broecker, 1982], •:Pnitr isthe N:P stoichiometric ratio during 
aerobic oxidation oforganic material, and ff:Pamtr is the N:P 
stoichiometric ratio for the denitrification processes. Equation 
(2) reduces to the same form as N* (equation (1)). Using our 
nitrate and phosphate data from waters surrounding the ETNP 
with N* between 2 and 0 Hmol kg 4, we calculate a slope of 
15.67 (•N'Pnitr in (2)) and an intercept of-1.74 ([mO3]pref' 
N'P 
r .it• [PO4].•f) in (2), for the regression line between itrate 
and phosphate concentrations. When we use these values to 
calculate nitrate deficits, we get similar results as GS97. 
However, if we consider only these values with N* between 2 
and-3 pmol kg 4, the slope and intercept change to15.03 and 
-2.45, respectively. These values give nitrate deficits that are 
about half of the GS97 and N* >0 values, highlighting the 
importance of deftming source waters of the ETNP. We have 
therefore calculated nitrate deficits relative to the global N:P 
relationship (GS97) and the different source waters of the 
ETNP. 
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Table 2. Average, Standard Deviation, and Variation Coefficient for the Thermohaline and Chemical Properties in 
the Domains of the California Undercurrent (CU) and California Current (CC) 
Domain Temperature, Salinity 
øC 
NO3, PO4, Si(OH)4, 02, N*, 
lamol kg '• gtmol kg 4 gtmol kg 4 mL L 4 gtmol kg 'l 
CU4oo 8.9 + 1.3 33.92 + 0.19 27 + 6 2.2 + 0.4 35 + 15 2.6 + 1.0 -2.6 + 1.0 
(14.2%) (0.6%) (23.3%) (20.4%) (42.9%) (41.3%) (40.8%) 
CC4oo 8.7 + 1.7 33.74 + 0.34 24 + 10 1.9 + 0.7 33 + 20 3.2 + 1.4 -1.3 + 1.0 
(19.7%) (1.0%) (42.7%) (35.3%) (62.0%) (45.6%) (81.7%) 
CU•ooo 5.2 + 0.9 34.32 + 0.09 42 + 2 3.3 + 0.2 93 + 19 0.4 + 0.2 -5.2 _+ 0.5 
(17.4%) (0.3%) (6.0%) (4.9%) (20.0%) (46.9%) (10.1%) 
CC•000 4.8+0.8 34.31+0.12 43+2 3.3+0.2 99+ 18 0.4+0.3 -4.3+0.7 
(16.1%) (0.3%) (4.8%) (5.0%) (18.4%) (57.5%) (15.9%) 
Values in parenthesis are coefficients ofvariation. The domains have been divided in two, one from 60 to 400 m depth (CU400, 
CC400) and the other from 400 to 1000 m depth (CU•00o, CC•000). 
2.2. Data 
The vertical distribution and temporal variability of N*, 
hydrographic properties, and velocity structure were analyzed 
using data collected uring a series of hydrographic cruises 
from April 1988 to May 1990 off central California (Table 1). 
California Cooperative Oceanic Fisheries Investigations 
(CalCOFI) line 67 (off Monterey Bay) and a transect off Point 
Sur (36ø20'N) were repeatedly sampled during these cruises 
(Figure I a). Details of the sampling are given by Tisch et al. 
[1992] and Collins et al. [2000]. In this paper we present he 
hydrographic and velocity distributions for a section that 
extends 100 km west of Point Sur and then shifts west- 
southwest encompassing CalCOFI stations 67-65, 67-70, 67- 
75, and 67-80 (stations 19 to 22 in Figure la). 
Hydrographic sampling used a Neil Brown Instrument 
System (biB IS) Mark III-B conductivity-temperature-depth 
(CTD) incorporated into a rosette sampler with 5L PVC 
Niskin bottles. Density anomaly was computed using the 
1980 equation of state [Fofonoff, 1985]. Samples for oxygen 
and nutrients were taken at selected epths from the surface to 
1000 m. Oxygen was determined by Winkler potentiometric 
titration; the estimated analytical error was _+0.05 mL L 4 
[Friederich et al., 1991 ]. Nutrient samples were collected and 
Ocean currents were measured by an acoustically tracked 
dropsonde "Pegasus" as described by Collins et al. [2000]. 
Velocities were rotated counterclockwise 50 ø to resolve 
alongshore and onshore flow. 
The horizontal distribution of N* in the eastern North 
Pacific was determined from data collected during WOCE 
and additional cruises in this area (see Table 1 and Figure 
lb). A derailed description of data collection and 
methodology for nutrients and oxygen analyses can be found 
at the WOCE Web page (http://whpo.ucsd.edu). Reported 
precisions were < 0.5% full scale for nutrients and 0.01 
mL L 4 for oxygen. 
By comparing the same locations occupied uring different 
cruises as well as adjacent stations, we were able to quality 
control the data. This resulted in the elimination of the 
following data from the analysis: phosphate from stations 44, 
45, 46, 62, and 63 of WOCE section PI5. We have also 
eliminated phosphate values from the Point Sur cruise in 
April 1988, as those for deeper water samples were 0.1 
gmol kg '• lower than the phosphate values tbr the other Point 
Sur cruises. Also, we have not used nitrate values for stations 
58-62 of WOCE section P03 and nitrate values for station 63 
of WOCE section P15. Silicate for stations 61-62 of WOCE 
section P15 was lower than silicate for stations 136-144 of 
frozen aboard ship and later analyzed fornitrate, phosphate, WOCE section P03. Problems with the silicate standard used 
and silicate using an Alpkern autoanalyzer [Sakamoto et al., during, this cruise have been re" rted (h'+"'//wh" ucsd edu • 1 90 • • • • " J' 9 ] me anal•cal error was •03 gmol kg for ß - - although no correction was applied to the data. Comparison Of phosphate, _+0.06 !xmol kg '• for nitrate, and _+0.20 !xmol kg '• silicate for stations 93of WOCE section P01 and 65-67 of 
for silicate. Chlorophyll a was measured by fluorometric WOCE section P17 showed high silicate concentrations for 
determination following the Holm-Hansen et al. [1965] the latter stations, as previously reported 
method with some modifications [Venrick and Hayward, (http://whpo.ucsd.edu). Following WOCE recommendations, 
1984; Chavez et al., 1995]. we have not corrected this data. 
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Plate 2. Horizontal distribution of salinity, silicate (lamol kg4), oxygen (mL L4), and N* (pmol kg 4) at 26.2, 
26.9, and 27.1 isopycnal surfaces. Depth range for each isopycnal surface is included in parentheses at the top. 
3. Results 
3.1. Spatial Distribution 
The average distributions of density anomaly, salinity, 
alongshore velocity, silicate, oxygen, and N* for the Point Sur 
tmnsect are shown in Plate I. The vertical distribution of 
density anomaly (Plate I a) showed a shoaling of the isopycnal 
surfaces <26.4 kg m '• toward the coast, accompanied •by a
shoaling ofthe isolines of10 gmol kg 4 and 5.0 mL L' for 
silicate (Plate l d) and oxygen (Plate l e), respectively, 
indicative of equatorward flow and coastal upwelling. 
Between 26.4 and 27.2 kg m -3 the isopycnals shoaled 
downward, a signature of the poleward flow of the CU, which 
was clearly delineated in the alongshore velocity field (Plate 
l c). The mean velocity field showed coherent poleward flow 
from the near surface to 1000 rn in the 100-km coastal domain 
(Plate l c). The core of the poleward flow of the CU was at 
-•150 m depth, with mean velocities a high as 8 cm s 'l. Mean 
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Plate 3. Time series of salinity and N* (pmol kg") at 26.2 and 26.9 isopycnal levels for the Point Sur cruises 
between April 1988 and May 1990 (see Table l). The position of the zero isotach is also superimposed. The 
striped area corresponds to equatorward flow. 
equatorward velocities in excess of4 cm s" in the upper 400 
m of the water column were observed offshore in the CC 
(Plate l c). As previously described [Reid et al., 1958; 
Sverdrup et al., 1942; Pickard, 1964], the water masses in the 
CC are characterized by relatively lower salt and nutrient and 
higher oxygen levels with respect o waters in the CU core 
(Table 2). The standard deviations of all properties were 
larger in the core of the CC. 
The spatial pattern of N* (Plate If) resembled the velocity 
field. The waters in the CC domain were defined by N* >-2 
pmol kg -•, with an average value of-1.3 _+1.0 pmol kg -• 
(Table 2). Near the coast, N* values were lower, with an 
average value of-2.6 _+ 1.0 pmol-kg -• in the core of CU (Table 
2). For depths deeper than 400 m, N* values were lower than 
-4 pmol kg -• for water column depths corresponding to the 
oxygen minimum (02 <0.5 mL L-'). The lowest values of N* 
(N* •-6 pmol kg -•) wcrc found between 500 and 800 m depth 
within the poleward flow of the CU, but below the core of 
maximum velocities. The lowest N* (N* <-5 pmol kg -') 
between 500 and 800 m was separated into two minima by a 
region ofhigherN* at stations 16-17 (Plate If). 
Large-scale horizontal distributions of salinity, silicate, 
oxygen, and N* for the isopycnal surfaces 26.2, 26.9, and 
27.1 kg m -3 are shown in Plate 2. The 26.2 kg m -3 isopycnal 
level ranged from 85-180 m depth and off Point Sur was in 
the high-velocity core of the poleward flow. The 26.9 kg m -• 
isopycnal level ranged from 140-715 m depth and 
corresponded to the level of the N* minimum (Plate 2) for 
WOCE section P04 in the ETNP (Table 1). The 27.1 kg m '3 
isopycnal ranged from 370-870 m depth and corresponded to 
the N* minimum off Point Sur (see Plate If). In the ETNP, 
high salinity was associated with low silicate, oxygen, and N* 
(Plate 2). Low N*, associated with low oxygen levels, reflects 
water column denitrification [Cline and Richards, 1972; 
Codispoti and Richards, 1976; Codispoti and Packard, 1980; 
Anderson, 1982]. At the two deepest surfaces the westward 
extension (~160øW)of the tongue of low oxygen and N* was 
a prominent feature. At the 26.2 kg m -• isopycnal surface, 
levels of oxygen <0.7 mL L-' and N* < -4 pmol kg '• did not 
extend past 135øW. At more northern latitudes these low 
values were conf'med to the continental slope region and were 
most notable at the 27.1 kg m -3 isopycnal. Along the 26.2 
kg m -3 isopycnal surface, values of N* <-4 pmol kg '] reached 
only 34øN, whereas values of N* <-4 pmol kg-' reached 40øN 
and 50øN on the 26.9 and 27.1 kg m '3 isopycnals, 
respectively. The 26.2 kg m -3 level showed the presence of 
North Pacific Central Water (NPCW) west of 135øW and 
between 20ø and 40øN, traced by silicate l vels <20 pmol kg '• 
[Reid et al., 1958]. 
3.2. Temporal Variability off Point Sur 
Temporal variability of N* in the CU off central California 
was analyzed using data from the Point Sur cruises from April 
1988 to May 1990 (see Table 1). In Plate 3 we have depicted 
the salinity and N* distributions at 26.9 and 26.2 kg m 'a 
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isopycnal levels. We have also superimposed the position of 
the zero isotach on each panel. The distributions at the 27.1 
kg m '3 isopycnal (not shown) closely followed the 
distributions at 26.9 kg m '3. Highest negative values of N* 
were found at the deeper isopycnal and an increasing radient 
in N* from the coast to offshore. Highest negative values of 
N* (<-5 gmol kg -•) near the coast were reached inAugust- 
September 1988, March-September 1989, and March-May 
1990 on the 26.9 kg m -3 isopycnal. During these latter two 
periods the tongue of N* values lower than 4 lamol kg 4 
reached as far 150 km offshore, coinciding with the offshore 
expansion of the poleward current. From November to March, 
N* values were higher and very similar along the entire 
section. This pattern of N* variability closely followed the 
variability of salinity and silicate (not shown). Values of N* 
<4 !amol kg '• corresponded approximately to salinities >34.2 
and silicate l vels <70 grnol kg -•, suggesting a southern origin 
of the water masses. From November to March the higher N* 
values were related to the presence of lower-salinity waters 
from the CC. The exception was the February 1989 cruise, 
which had higher salinities and lower N* values. 
At the 26.2 kg m -3 isopycnal, we again observed the lowest 
values of N* (N* < -2 gmol kg -•) close to shore. However in 
contrast with the 26.9 kg m -3 isopycnal, where the N* minima 
occurred during the upwelling seasons, we observed two N* 
minima during August-November 1988 and November 1989 
on the 26.2 kg m '3 isopycnal, associated with salini• 
maximums (S > 33.9). Low oxygen (02< 2.7 mL L', 
distribution ot shown) and low silicate concentrations (SiO2 < 
27 gmol kg -•, distribution not shown) during these periods 
confirm the presence of southern waters. The other N* 
minimum at this isopycnal evel was observed in March-May 
1989, with lower salinity values. In contrast o the 26.9 and 
27.1 kg m '3 isopycnals, upwelling processes directly affect 
this shallower isopycnal evel. During March-May 1989 and 
March-May 1990, prevailing northwesterly winds [Tisch et 
al., 1992; Ramp et al., 1997] caused the shoaling of this 
isopycnal. Upwelled water presented similar thermohaline 
properties for the two spring periods, and conditions were 
colder and less saline than for the fall period (August- 
November). However, the N* concentration was higher 
during spring 1990, suggesting that there were multiple 
processes affecting the variability of N* at the 26.2 kg m '3 
isopycnal. 
4. Summary and Discussion 
4.1. Average Fields 
Poleward undercurrents are a ubiquitous feature of eastern 
boundary coastal upwelling systems [Neshyba et al., 1989]. 
While the forcing of the CU remains a subject of debate, 
large-scale descriptions of flow in intermediate waters [Reid, 
1965, 1997] show nearshore poleward flow from Baja 
California to British Columbia (Figure 3). Offshore of the 
poleward flow the typical anticyclonic circulation of the 
subtropical gyre, which includes the CC, is well defined. 
These two mainly zonal currents transport waters with very 
characteristic and different signatures. The waters in the 
ETNP, where the CU originates, are characterized by high 
salinity, low oxygen, and low silicate [Sverdrup et al., 1942; 
Pickard, 1964]. The subarctic Pacific waters that feed the CC 
are characterized by low salinity, high oxygen, and high 
silicate. The horizontal distributions of N* at the 26.2, 26.9, 
and 27.1 kg m '3 isopycnals (Plate 2), are consistent with the 
large-scale trends for the CCS, an increase of salinity toward 
the equator and shoreward [Tibby, 1941; Lynn and Simpson, 
1987; Huyer et al., 1998]. This shoreward increase reflects the 
advection of southern waters in the CU [Collins et al., 2000; 
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Figure 2. (a) Silicate versus alinity, (b) oxygen versus 
salinity and (c) N* versus alinity for all the stations within 
100 km off the American western coast, from-•20øN to 
~60øN, at the 27.1 isopycnal surface. Silicate and N* are in 
[tmol kg -•, and oxygen isin mL L -•. 
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Table 3. Estimates of Transport, Nitrate Deficit, and Nitrate Deficit Transport for the 12 
Cruises off Point Sur 
Cruise Date Transport, Nitrate Deficit, Nitrate Deficit Transport, 
Sv /amoi kl? , TI] N yr '• 
PS01 April 1988 2.42 -3.63 -3.74 
PS02 Aug. 1988 1.55 -4.61 -2.89 
PS03 Sept. 1988 1.09 -4.17 -1.84 
PS04 Nov. 1988 2.40 -2.69 -2.53 
PS05 Feb. 1989 3.17 -4.34 -5.65 
PS06 March 1989 3.70 -5.22 -8.89 
PS07 May 1989 0.72 -4.10 -1.24 
PS08 July 1989 3.18 -3.93 -5.16 
PS09 Sept. 1989 4.53 -3.84 -7.22 
PS 10 Nov. 1989 4.84 -3.92 -7.36 
PS 11 March 1990 3.25 -4.78 -6.36 
PS 12 May 1990 0.88 -5.05 -1.96 
Average 2.64 -4.19 -4.57 
Sd 1.38 0.69 2.54 
The transports were calculated for the section within 103 km from coast and between 80 and 1000 m 
depth. Most of the variability in the nitrate deficit transport was driven by changes in circulation rather than 
in the chemical composition. With GS97 we calculated anaverage nitrate deficit transport of 4.0 Tg N-yr '• 
and with the nitrate-phosphate relationship using waters with N* between 2 and -3 gmoi.kg '• we calculated 
an average of2.2 Tg N yr '•. 
2) also show a minimum northward along the coast. The 
northward spreading is more evident with depth. The greater 
northward extension f the low N* signal at the 27.1 kg m -3 
isopycnal may be driven by the northward eepening of the 
CU, as described by Huyer et al. [1989] and Hickey [1989]. 
In Figure 2 we have plotted silicate, oxygen and N* versus 
salinity for all the stations within 100 km from the coast 
between 20øN and 60øN, at the 27.1 kg m '3 isopycnal level. 
About 92% and 76% of silicate and oxygen variability, 
respectively, can be explained by isopycnal mixing between 
two sources; a high oxygen and silicate-low salinity northern 
source and a low oxygen and silicate-high salinity source 
from the ETNP. The intermediate waters off Central 
California are a mixture between those (of high salinity and 
low oxygen and silicate) that originate in the ETNP and those 
(of low salinity, high oxygen and silicate) that originate in the 
subarctic Pacific. The isopycnal analysis and the large-scale 
distributions provide strong evidence that the CU is a 
continuous current [Collins et al., 1996], rather than one that 
advection. In this model, denitdfied waters from the ETNP 
are advected poleward and are continually diluted with waters 
that originate in the subarctic Pacific. The other potential 
contributors to a low (high denitrification) N* are (1) 
denitrification from the sediments and (2) in situ 
denitrification processes in the water column. In the following 
paragraphs we consider these other potential sources. 
Water column nitrate consumption rates by the sediments 
on the continental margin of the eastern Noah Pacific have 
been estimated as 0.1-2.0 mmol N m -2 d '• from benthic flux 
measurements [Devol and Christensen, 1993; Berelson et al., 
1996]. The high values are rare and the average reported for 
central California between 100 and 900 m was 0.6 
mmol N m '2 d '•. In order to estimate the effect of the 
sediments on the water column, we took the reported 
denitrification rates and diluted them over the domain of the 
CU. The calculation dilutes the sedimentary denitrification 
(for 1 m of depth) over 100 km. We then used an average 
velocity for the CU of 4 cm s -• [Collins et al., 2000] to 
appears sporadically in different geographical regimes in calculate the cumulative nitrate deficit resulting from 
re spon • to _• ge s •. th•.• !•! •d., fie !d Th• •isopy•! •dim•t ary de•itr!ficatipn• for ,• !•20 ,• 
analysis uggests hat lateral mixing is dominant over San Lucas (22ø48'N) and Point Sur (36ø20'N). For the 555 
diapycnal mixing and biogeochemical processes. There is a days it would take the poleward flow to travel between these 
strong relationship between N* and S (Figure 2c), which two locations, the estimated eficit resulting from the 
supports advection of low N* from the ETNP. We calculate sediments would be only ---0.01-0.2 [tmol L4. The observed 
that-•82% of N* variability can be explained by salinity and, nitrate deficit off Point Sur is about 4.1 [tmol L-• or between 
consequently, conclude that its distribution is controlled by 20 and 410 (68 for the average) times greater than can be 
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contributed by sedimentary denitrification. In addition, the 
nitrate deficit decreases, rather than increases, during this 
transit, supporting our conclusion that sedimentary 
denitrification is not the major process responsible for the 
water column nitrate deficit. In the suboxic basins of the 
Southern California Bight (e.g. Santa Barbara, San Pedro) the 
contribution by the sediments may be more important 
[Berelson et al., 1987]. These basins are isolated from the 
vigorous circulation of the CCS. As a result, they might 
accumulate more of the effects of local denitrification. 
In contrast to the ETNP, there are no direct observations of 
in situ water column denitrification off central California 
[Codispoti et al., 1992; Altabet eta!., 1999]. Them is some 
evidence that water column denitrification takes place in the 
Santa Barbara and San Pedro Basins [Liu and Kaplan, 1989]. 
However, their contribution to the N* signature of the CU is 
small because of their volume and weak circulation 
[Sholkovitz and Gieskes, 1971 ]. Evidence of low in situ water 
column denitrification can be derived from reported oxygen 
utilization rates in the study region. These oxygen utilization 
rates at 1000 m range between 1.56 and 0.13 mmolm '3 yr '• 
[Martin et al., 1987; Pilskan et al., 1996; Robbins and 
Bryden, 1994]. At the 27.1 kg m '3 isopycnal surface an upper 
limit for oxygen consumption f 0.02 mLL 4 between San 
Diego (32ø57'N) and Point Sur (36ø20'N) can be estimated, 
using the published oxygen utilization rates (OURs) and our 
average velocity of 4 cm s 4 for the CU. As oxygen 
concentrations at San Diego are about 0.26 mLL '•, the 
estimated oxygen decrease due to reminemlization of organic 
matter is not sufficiently high to result in suboxic levels (02 
<0.05 mL L'l). Indeed, average oxygen concentrations at this 
depth off central California are actually slightly higher 
(02-"0.28 mL L"), because ofmixing with ventilated northern 
waters. These oxygen values are greater than those considered 
necessary for denitrification, again supporting the advective 
source of denitrified waters off central California. 
Measurements of nitrogen isotopic composition (•5•5N) of 
dissolved nitrate along the California margin also suggest 
advection of denitrified waters from the ETNP through the 
CU [Liu and Kaplan, 1989; Altabet et al., 1999]. These 
authors found higher b•sN (8 to 1096o) than the oceanic 
average (4.5 to 596o) in Monterey Bay (36ø48'N) and San 
Pedro Basin (33ø49'N), due to the northward transport of the 
isotopic signature. They found an inverse relationship 
between b•SN and N*. 
4.2. Temporal Variability 
Time series of N* and salinity at the 26.9 kg m -3 isopycnal 
level showed similar patterns. The highest negative N* values 
corresponded to highest salinities, suggesting a southern 
origin of the water masses. Lowest N* and highest salinities 
were observed from the end of March to October, associated 
with northward flow. However, a direct relationship between 
N* and salinity and the intensity of the poleward flow was 
difficult to elucidate. During the upwelling periods (March- 
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from shore. The offshore extension is not likely related to 
Ekman divergence, since the 26.9 kg m '3 isopycnal is thought 
to be well below the effects of this process. It is most 
probably associated with an expansion of the CU or with 
mesoscale ddies detached from it. In fact, the location of the 
zero isotach is found farther offshore during these periods 
(Plate 3). Previous tudies [Huyer et al., 1998; Garfield et al., 
1999' Chereskin et al., 2000; Cornuelle t al., 2000] suggest 
that these undercurrent eddies are recurrent features in the 
CCS. These eddies may play an important role in transporting 
waters into the ocean interior. 
At the 26.2 kg m 4 isopycnal, we also observed the lowest 
N* values close to shore; however, the values were higher 
than at the 26.9 kg m 4 isopycnal. On the other hand, the 
relation between N* and the other properties was not as clear 
as at the deeper isopycnal. Minimum N* values were 
observed in August-November 1988 and November 1989, 
associated with high salinities > 33.9, low oxygen (< 2.7 
mLL 4) and low silicate l vels (< 27 gmol kg'•). However, 
during upwelling periods, waters with similar thermohaline 
properties had different levels of N*. This shallower 
isopycnal is located at the base of the thermocline, and 
consequently, other factors such as oxidation of dissolved 
organic matter characterized by a high N:P ratio and the 
influence of other water masses, such as the North Pacific 
Central Water, confound the interpretation ofN* variability at 
this isopycnal evel. 
the case of the CU the maximum nitrate deficit was observed 
at deeper levels (between 400 and 1000 m), well below depths 
from which waters are upwelled. 
It is likely, however, that both systems export the signature 
of denitrification into the ocean interior, as we have described 
for California. Karl et al. [1997] reported a decrease in 
phosphate in surface waters at station ALOHA (22ø45'N, 
158øW) in the subtropical gyre of the North Pacific during the 
1990s. These authors suggest hat an increase in nitrogen 
fixation is responsible for the phosphate drawdown. We offer 
an alternate but not exclusive hypothesis. We suggest hat 
during the 1990s the export of nitrate deficient waters into the 
subtropical gyre was slowing. As a result, the export of excess 
phosphate (in the nitrate-poor surface waters offshore of 
California, the residual phosphate is typically 0.3 gm kg 4) to 
the oligotrophic central gyre would be reduced. At Hawaii 
this would appear as a decrease in phosphate concentration. 
Our map of geostrophic flow (Figure 3) shows how the 
denitrification signal that is advected poleward, upwelled and 
mixed into the CCS can be advected by station ALOHA. A 
second and more direct source can be mixing of denitrified 
waters south of Hawaii northward (Plate 2). The hypothesis 
we present must be considered speculative at present, but it 
does highlight the need to better understand biogeochemical 
cycling in the ETNP, the export of the products of 
denitrification from the region, and how both of these vary 
seasonally, interannually, and on longer timescales. 
5. Conclusions 
Our results suggest hat the CU exports nitrate deficient 
waters from the ETNP to northern latitudes. We estimated the 
nitrate consumed in the ETNP and exported by the CU using 
N* and the nitrate deficit, following Anderson [1982, section 
2], together with the poleward transports calculated from the 
Pegasus velocity profiles for each cruise off Point Sur (Table 
3). We obtained an average nitrate deficit transport for the 
study period of 4.6 Tg N yr 4 (Tg = 1012 g). From Table 3one 
can see that this value can vary depending on the transport of 
an individual section (1.2 - 8.9 Tg N yr 4) as well as the 
nitrate-phosphate r lationship used to calculate the nitrate 
deficit (see section 2). If one assumes that the same advective 
field as observed off Point Sur is adjacent to the ETNP and 
the nitrate deficit is extrapolated via the salinity field (Figure 
2), then the export out of the ETNP in the CU is 1.8 times 
higher and equal to 8.3 T g N yr 4. Our estimate is about twice 
the 4.5 Tg N yr 4 for the CU in the Baja California region 
reported by Codispoti and Richards [1976] from one section. 
It represents-42% of the denitrification in the ETNP and-8 
to 16% of global water column denitrification, depending on 
the global estimate [Codispoti et al., 1989; Naqvi, 1987]. Of 
the denitrified water advected out of the ETNP by the CU, 
44% has been mixed toward the interior of the ocean by the 
time it reaches Point Sur. 
A similar export of denitrified waters from the eastern 
tropical south Pacific (ETSP) has been reported for the 
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